We hypothesized that Fabry cardiomyopathy in female patients might differ substantially from that in male patients and sought to prove this hypothesis in a large cohort consisting of 104 patients with Fabry disease.
F abry disease is a lysosomal storage disorder caused by a deficiency of alpha-galactosidase A. Linked to the X chromosome, it was considered rare in heterozygous female carriers in the past (1) . This was explained by a skewed inactivated X chromosome (Lyon hypothesis) (2) . Nevertheless, it is now widely accepted that heterozygous female carriers could develop severe cardiomyopathy and other organ manifestations (3) (4) (5) (6) (7) (8) (9) . In fact, two-thirds of all patients with Fabry disease are female. Hence, it is important to focus on the cardiac manifestations of Fabry disease in female patients.
Structure damage and function loss appear in the later stages of Fabry disease and could lead to organ failure (10) . We previously showed in clinical studies that male patients commonly experience a sequence of loss of regional function, left ventricular (LV) hypertrophy, and subsequent with aging, myocardial replacement fibrosis, leading toward end-stage disease (11) (12) (13) . It has been clearly determined in male patients that at least a moderate amount of LV hypertrophy is needed for the development of myocardial fibrosis (12, 13) . Only a few female patients were included in these clinical studies (11, 12) . Moreover, subtle methods of assessing cardiac function with echocardiography (strain rate) or detecting replacement fibrosis with cardiac magnetic resonance (CMR) (late enhancement [LE]) (11) (12) (13) (14) (15) (16) (17) (18) (19) have not been used in studies focusing on Fabry cardiomyopathy in female patients (8, 20) . Up to now, there has been no established guideline how to monitor female patients and when (at which stage of the disease) to treat these patients with cardiac involvement caused by Fabry disease. A common consensus in cardiac assessment is to start with enzyme replacement therapy (ERT) when a female patient presents with Fabry disease with the typical cardiac hypertrophy (assessed by echocardiography with an end-diastolic wall thickness of Ͼ12 mm) together with symptoms attributed to hypertrophic cardiomyopathy (12, 21) . Moreover, the use of CMR for noninvasive assessment is not recommended as a staging tool to characterize cardiac involvement in the guidelines (21) .
The aim of the present study was to systematically evaluate cardiac involvement in female patients with Fabry disease. Thus, we compared the characteristics of Fabry cardiomyopathy in a large cohort of heterozygous female and male patients with standard echocardiography, strain rate imaging, and CMR using a cross-sectional design.
M E T H O D S
Study population. Fifty-eight female (age 42 Ϯ 16 years, range 10 to 71 years) and 46 male patients (age 42 Ϯ 13 years, range 7 to 66 years) with genetically confirmed Fabry disease (consecutive, without contraindications for CMR) underwent echocardiography and CMR when they first presented at the Fabry Center Würzburg. Echocardiographic and CMR analysis were conducted blinded to the results of the corresponding technique by 2 experts in the field of echocardiography and CMR. Echocardiographic measurements were compared with those from a cohort of 27 controls. The controls were recruited from local hospital staff and their relatives. Care was taken to recruit controls with similar ages (Fabry group 42 Ϯ 15 years vs. controls 47 Ϯ 15 years; p ϭ 0.10) and to include the same proportion of female volunteers as that for patients (Fabry 56% vs. controls 52%; p ϭ 0.83). To match controls with patients, 7 (26%) of these controls had a history of isolated arterial hypertension without concomitant disease (Fabry group 26% with hypertension). The other controls had no history of cardiac or systemic disease. Controls had normal body mass index (22 Ϯ 4 kg/m 2 ) and heart rate (70 Ϯ 11 beats/min). A clinical investigation program was conducted as described elsewhere (22) . None of the patients with Fabry disease had received ERT before study entry. The study conformed to the principles outlined in the Declaration of Helsinki, and the locally appointed ethics committee approved the research protocol. Written informed consent was obtained from all patients or their guardians. Standard echocardiographic measurements. Left ventricular end-diastolic and end-systolic dimensions and end-diastolic thickness of the posterior wall and the septum were measured using anatomic M-mode echocardiographic methods and parasternal LV long-axis images (3.5 MHz, GE Vingmed Vivid 7, Horten, Norway). Ejection fraction was calculated using the modified Simpson method. Blood pool pulsed Doppler of the mitral valve inflow was used to determine the ratio of early to late diastolic flow velocity and the deceleration time. Assessment of hypertrophy. Left ventricular wall thickness (LVWT) was defined as the higher enddiastolic value of the posterior or the septal wall, measured with anatomic M-mode (this was neces-
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ERT ‫؍‬ enzyme replacement therapy FD ‫؍‬ Fabry disease sary because of the known thinning of the posterior wall in male patients having end-stage disease) (23) . Following guidelines and publications for diagnosing and monitoring Fabry disease, LV hypertrophy was defined as a diastolic LVWT greater than 12 mm (12, 21) . However, the gold standard for myocardial mass is CMR. Thus, we also calculated myocardial mass by cine CMR indexed to body surface area (BSA) and took age and gender into account as recommended in recently published reports (24 -26) . Analysis of LV mass was performed by manual segmentation of the endocardial and epicardial borders of the end-diastolic and end-systolic frames as previously described (27) . Strain rate imaging. Real-time 2-dimensional color Doppler myocardial imaging data were recorded from the interventricular septum and the LV lateral wall using standard apical 4-chamber views to evaluate longitudinal function (3.5 MHz, GE Vingmed Vivid 7). For assessment of radial function of the posterior wall, parasternal long-axis views were used. Data from color Doppler myocardial imaging were analyzed using dedicated software (Echopac, GE Ultrasound). Radial strain rate curves of the mid-basal posterior wall and longitudinal strain rate curves of the mid-apical septum and basal-mid lateral wall were extracted, as recommended in recent reports (14, 16, 28) . Peak systolic strain rate (SR SYS ) was derived from the resulting strain rate curves. Assessment of fibrosis. CMR with injection of gadopentetate dimeglumine 0.2 mmol/kg (Magnevist, Schering AG, Berlin, Germany) was carried out in all 104 patients on a 1.5-T scanner (Magnetom VISION, Siemens Medical Systems, Erlangen, Germany). The LE technique (8-mm slice thickness, breath hold, short heart axis) was applied to detect changes of tissue integrity in the LV myocardium. Images were acquired using an inversion recovery sequence (field of view 240 ϫ 320 mm 2 , matrix 165 ϫ 256, repetition time 7.5 ms, echo time 3.4 ms, flip angle 25°, inversion time determined individually). Short-axis views at the basal, mid, and apical segments, covering the entire ven- (Fig. 1) . Abbreviations as in Figure 1 .
LV diameters were in the normal range in all groups.
WALL THICKNESS AND MASS. The LVWT was significantly higher in male patients with Fabry disease than in the 3 other groups (male controls, female controls, female patients), who showed similar LVWT ( Table 2 ). In the 58 female patients, LVWT ranged from 5 to 15.5 mm (LV mass CMR 39 to 146 g/m 2 ). In the male patients (n ϭ 46), LVWT ranged from 6 to 19.5 mm (LV mass CMR 55 to 200 g/m 2 ). According to Fabry guideline criteria, 48 female patients showed no LV hypertrophy and only 10 female patients had LV hypertrophy (Fig. 1) . In contrast, a large number of male patients had LV hypertrophy (n ϭ 30), and only 16 male patients showed no LV hypertrophy (p Ͻ 0.001) (Fig. 2) . Fibrosis. LE was detected in 33% of the female (n ϭ 19) and 48% of the male (n ϭ 22; p ϭ 0.16) patients. In CMR LE in female patients consistently occurred in the basal posterolateral wall (n ϭ 19). The septal basal segment showed additional LE in 2 female patients, whereas fibrosis was not found in any other segments. In male patients, 22 LE segments were found in the basal posterolateral wall, 8 in anterior septal basal segments, and 1 in the mid septum. When the extension of LE within the wall was examined, 28 patients showed a localized mid myocardial LE in the typical location: lateral-basal. Two patients had additional endocardial fibrosis lateral-basal, and 1 patient showed epicardial fibrosis. In 10 patients, transmural LE was observed.
In female patients, LE-positive segments were already detectable at an LVWT of 9 mm (female patient with lowest LV mass CMR and LE: 56 g/m 2 ; limit for hypertrophy in this patient Ͼ77 g/m 2 ), and 10 female patients without hypertrophy already presented LE-positive segments (Fig. 1) . In contrast, LE was not found in male patients with LVWT Ͻ12 mm (male patient with lowest LV mass and LE: 99 g/m 2 ) (Fig. 2) . Only 1 female patient with echocardiographic hypertrophy (LVWT 12.5 mm) showed no fibrosis, whereas 12 male patients (40%) had LV hypertrophy and did not present fibrotic segments. Fibrosis was detected in all female patients with LVWT Ն13 mm and in all male patients with LVWT Ն16 mm (p ϭ 0.04 for Fisher exact test between male and female patients LVWT Ն13 mm) ( Figs. 1 and 2 ).
In the 10 female patients without LV hypertrophy but with fibrosis, no wall motion abnormality was detected with echocardiography. Even when these 10 patients were reanalyzed with the CMR results (having fibrosis), no wall motion abnormality could be seen in echocardiography. None of the 10 patients without hypertrophy but with fibrosis had complained about heart failure symptoms in the past, and they were referred to our center because of family screening (n ϭ 7) and neuropathic pain (n ϭ 3). Nevertheless, these patients only reached 75 Ϯ 11% of their calculated target workload when performing a bicycle stress test, whereas the female patients without LV hypertrophy and without LV fibrosis reached their target with 109 Ϯ 24% power (p ϭ 0.002).
When hypertrophy was re-evaluated by quantification of LV mass with CMR (indexed to BSA), 9 of 10 female patients (with LE-positive segments and initially classified by echocardiographic wall thickness as LV nonhypertrophic) showed normal LV mass (Fig. 3) . Only 1 of these female patients showed an LV mass above the limit (81 g/m 2 ). In concordance with the assessment of LVWT, LE was present in 23% of the female patients with normal LV mass (indexed to BSA, with consideration of age and sex); in contrast, no LE was seen in male patients with normal LV mass (Fig. 3) .
The mean extent of myocardial fibrosis was 2.4 Ϯ 3.8% (range 0.2% to 21.4%) of the complete myocardium. In female patients, the extent of myocardial fibrosis was 1.8 Ϯ 1.7%; in male patients, it was 2.8 Ϯ 4.8% (p ϭ 0.45). There was no difference in the amount of LE in female patients with or without hypertrophy: 2.4 Ϯ 0.7% versus 2.2 Ϯ 2.2%, respectively (p ϭ 0.32). Regional myocardial function. SR SYS values were similar among all groups (female and male patients and female and male controls), as presented in Table 2 . Echocardiographic subgroup analysis (Tables 3 and 4) showed that the female patients without hypertrophy and without fibrosis (n ϭ 38) Tables 2 and 3 . had a significantly higher regional myocardial function than the 2 female groups with fibrosis. There was no difference in myocardial function in these 2 groups with fibrosis, although the LVWT and LV CMR mass were significantly different ( Table 3 ). The comparison of the LV hypertrophic male patients with (n ϭ 18) and without fibrosis (n ϭ 12) showed that the group with fibrosis had lower radial and longitudinal SR SYS values (Table 4) . In male patients, the highest SR SYS values were found in the patient group without both LV hypertrophy and fibrosis. Myocardial function was similar in male and female subgroups with comparable LE and hypertrophy conditions (Tables 3 and 4) . Tables 5 and 6 provide the same subgroup analysis presented in Tables 3 and 4 but with hypertrophy assessed by CMR (LV mass) instead of echocardiography. In general, the same findings as in the echocardiographic subanalysis could be detected. The data in Table 5 confirm the echocardiographic finding that female patients without hypertrophy (normal LV mass in CMR) show LE. Age and morphological changes. The distribution of LVWT and LE in relation to age is shown in Figures 4 (female patients) and 5 (male patients).
The youngest female patient with LE was 36 years of age, and the youngest male patient with LE was 23 years of age. Even a 20-year-old male patient showed hypertrophy, whereas hypertrophy was not seen in female patients before the age of 46 years. Thus, in our female cohort, LE occurred earlier than LV hypertrophy. LE was not detected in 4 of 13 female patients (31%) and 2 of 12 male patients (17%) older than 50 years (p ϭ 0.65).
D I S C U S S I O N
This study is the first systematic single-center investigation using subtle methods like strain rate imaging and CMR to highlight cardiomyopathy in female patients with Fabry disease. With a cross-sectional study design in a large Fabry cohort, the main results obtained were: 1) in 34% of the complete Fabry female cohort, signs of cardiomyopathy (hypertrophy or fibrosis) were found; 2) in contrast to male patients, there was no fixed linkage of hypertrophy and fibrosis in female patients with Fabry disease (e.g., female patients can develop some replacement fibrosis without being hypertrophic); and 3) 50% of the female patients with signs of relevant cardiomyopathy would not have been detected by the guideline-proposed standard echocardiographic and LV hypertrophy assessment. From previous studies, it is known that the morphological hallmarks of Fabry cardiomyopathy are LV hypertrophy and replacement fibrosis, which are both consistent with the finding of reduced regional LV function. In male patients, the LV starts to hypertrophy during adolescence; this is accompanied by reduced longitudinal function (12, 13, 17, 18) . The hypertrophy in these male patients progresses quite fast and finally leads to replacement fibrosis (12) (13) (14) . Both the typical Fabry cardiomyopathy findings and the described temporal sequence were also evident in our male cohort. In contrast, the fixed linkage of hypertrophy and fibrosis seemed to be not applicable for female patients with Fabry disease, although in general the same hallmarks (i.e., hypertrophy, reduced regional myocardial function, and replacement fibrosis) can be detected in the hearts of most female patients with Fabry cardiomyopathy. Thus, it seems that in our cohort, the progression toward severe hypertrophy in female patients was prolonged because of the residual activity of alphagalactosidase A (caused by the random inactivation of the mutated or nonmutated X chromosome). This is in concordance with previous studies done by Goldman et al. (29) and Linhart et al. (30) , showing that LV hypertrophy is more common in male than in female patients. However, despite the delayed development of hypertrophy, fibrosis seems to progress continuously. Therefore, as shown in the current study, replacement fibrosis can already be present in the female heart with Fabry disease at a nonhypertrophic disease stage (Fig. 6) . In addition, it could be shown that in all hearts that progress toward LV hypertrophy, replacement fibrosis is an integral component of Fabry cardiomyopathy in female patients. As expected, regional LV function was significantly reduced in the fibrotic segments. Interestingly, this reduction of regional longitudinal function was independent of the degree of hypertrophy. This might lead to the speculation that in general regional myocardial function in Fabry cardiomyopathy could be more related to tissue fibrosis and less to hypertrophy. Furthermore, some female patients with Fabry disease obviously have a compensatory mechanism that protects the heart even in advanced age from developing typical cardiomyopathy. However, it is impossible to decide whether the differences between male and female patients might be due to an altered temporal sequence of cardiomyopathy in female patients (a "speculative" model is given in Fig. 7 ) or due to phenotypical variability. Clinical implications. These findings might have implications for the initial staging and cardiac monitoring of female patients with Fabry disease. In general, the progression toward cardiomyopathy is monitored by echocardiographic assessment of end-diastolic LVWT; in contrast, CMR and strain rate imaging is often proposed to be optional (21) . Thus, by this approach, one-half of the Fabry cardiomyopathy in our female cohort would have not been detected. It was shown in a previous report that strain rate imaging helps to identify male patients with subclinical Fabry cardiomyopathy presenting without LV hypertrophy (18) . However, the findings of our present study emphasize that especially in female patients, CMR with LE imaging is necessary to evaluate cardiomyopathy. This is emphasized by the fact that even with the knowledge of LE in none of the female patients without LV hypertrophy but with LE, a wall motion abnormality could be identified with echocardiography. In addition, as known from previous work, only patients without cardiac fibrosis will profit in the long term from ERT (12) . Thus, the assessment of fibrosis in female Fabry patients might guide therapy initiation and might have implications for treatment expectations. In patients contraindicated for CMR, strain rate imaging might be of advantage for the functional assessment of cardiomyopathy-related fibrosis (31) .
By genetic definition, two-thirds of all Fabry patients are female; therefore, cardiologists have to be aware of characteristic Fabry cardiomyopathy in female patients. This is an upcoming challenge because a lot of uncharacterized and untreated female patients have been found in screening studies and by subsequent family screening in the last years. Study limitations. In principle, longitudinal data are necessary to describe the temporal sequence of cardiomyopathy progression. However, the large cohort of patients with a standardized evaluation should be sufficient to allow an approximate description of the temporal sequence of the cardiac disease. We did not aim to clarify disease progression in female patients with this study but wanted to emphasize that in female patients, the diagnostic approach toward cardiomyopathy has to include CMR with LE imaging. Thus, the aim was to emphasize the importance of noninvasive assessment of myocardial fibrosis in female patients with Fabry disease.
For ethical reasons, we did not undertake myocardial biopsies in the patients to determine the underlying histological morphology. The hallmarks of Fabry cardiomyopathy (increasing wall thickness, regional functional abnormalities, and replacement fibrosis) are used to describe the disease progression during aging of both sexes. (A) In male patients, the LV starts to hypertrophy during adolescence, and this is accompanied by reduced longitudinal function. During aging, these 2 features lead to replacement fibrosis. (B) Cardiomyopathy disease progression in female patients is different. In contrast to male patients, the 3 hallmarks cannot be described as a temporal sequence toward fibrosis. In contrast, it is more a vicious circle: the progression toward hypertrophy is prolonged, whereas the development of fibrosis and regional functional abnormalities progresses simultaneously. Abbreviations as in Figure 1 . 
